Many clubroot resistant (CR) cultivars of Chinese cabbage (Brassica rapa ssp. pekinensis) have been bred so far, but their usage is limited because the capacity for resistance breaks down with time. This degradation is caused by a pathogenic variation in the causal fungus Plasmodiophora brassicae. We attempted to accumulate 3 CR genes, CRa, CRk, and CRc, through marker-assisted selection. Five doubled haploid CR lines with an individual CR locus were used as breeding materials. The CR lines were crossed with each other. A subsequent selection for resistance was performed using sequence characterized amplified region markers in segregating generations. As a result, 4 homozygous lines for 3 resistance genes and the F 1 hybrids between them were developed. CR pyramiding lines were inoculated with 6 field isolates of P. brassicae. The homozygous lines for 3 CR genes, whether selfed or crossed, exhibited exceedingly high resistance against all of the isolates. Morphological characters of F 1 hybrids were comparable to those of a control cultivar, but the degree of heterosis was less than expected, which is probably because of genetic similarity of the parents. The results of this study prove that clubroot resistance can be reinforced through the accumulation of varied resistance genes in B. rapa.
Introduction
Clubroot disease is a troublesome obstruction for Brassica crop cultivators worldwide. In Chinese cabbage (Brassica rapa ssp. pekinensis), clubroot resistant (CR) cultivars have been bred using resistance gene(s) from European fodder turnips (B. rapa ssp. rapa). These CR cultivars are widely used in major production areas of Chinese cabbage in Japan, but do not always have consistent results because of the breakdown of resistance. The causal fungus Plasmodiophora brassicae, an obligate biotroph, has a complex pathogenicity and is long-lived in nature with variable virulence. This is problematic since changes in pathogenicity of fungus populations invalidate plant resistance. Several CR cultivars with higher resistance have been recently developed, but are still insufficient to protect against the disease. To ensure stable production, more resistance genes need to be accumulated into a single CR cultivar.
Early studies on clubroot resistance found that at least 3 major resistance genes existed in turnips, and that cultivars with such qualitative CR genes showed highly stable resistance (Crute et al., 1980; Toxopeus and Janssen, 1975; Wit, 1964) . These genes, which are probably contained in source materials of CR Chinese cabbage, differ in their protective action. Genetic accumulation could bring elevated resistance corresponding to the wide pathogenicity of clubroot fungus. Marker-assisted selection (MAS) is indispensable in CR breeding because it allows for the acquisition of higher resistance by combining different resistance genes (Hirai, 2006) . DNA markers for clubroot resistance have been developed in major Brassica crops. Seven major CR loci, CRa, CRb, CRk, CRc, Crr1, Crr2, and Crr3, have been identified for Chinese cabbage using various types of markers (Hirai et al., 2004; Matsumoto et al., 1998; Piao et al., 2004; Sakamoto et al., 2008; Suwabe et al., 2003) , though mutual relations among them are somewhat ambiguous, because different resistant materials and pathogenic isolates are employed for detecting the loci. The complexity of the clubroot pathogen in particular makes an exact evaluation of resistance genes difficult. A comprehensive map would 185 greatly aid in efforts to clarify the correlation among the CR loci.
We constructed a genetic map containing 3 CR loci, CRa, CRk, and CRc that clarified the positional relationship between these and some other CR loci. In this study, we attempted to accumulate these CR genes into an F 1 hybrid to obtain higher resistance.
Materials and Methods

Plant materials and breeding procedure
Five doubled haploid CR lines, T136-8, K13, K10, C9, and RC22, were used for pyramiding resistance genes. T136-8 and K13 possess a resistance locus CRa (designated here as resistance gene A) (Matsumoto et al., 1998) . K10 possesses CRk (gene B), and C9 and RC22 possess CRc (gene C) . Crossing and selection for resistance and morphological characteristics were conducted from 2002 to 2008. Hybridization between the CR lines with different resistance genes was recurrently performed. Accumulation of CR genes was identified by the marker genotype. After recurrent selfing, several fixed lines were tested for clubroot resistance and combining ability in the field.
Marker selection
DNA was extracted from leaves as follows. A small piece of leaf, approximately 100 mg, was homogenized in a tube with a 500 μL extraction buffer containing 200 mM Tris-HCl (pH 7.5), 250 mM NaCl, 25 mM EDTA, and 0.5% SDS. The homogenate was kept at 65°C for 2 h, and then centrifuged at 18,000 g for 10 min. The supernatant was transferred to a new tube and mixed with an equal volume of chloroform. After centrifugation at 18,000 g for 10 min, the upper layer was mixed with an equal volume of isopropanol, followed by centrifugation for 10 min. After washing with 70% ethanol, the precipitate was dried and resuspended in TE buffer.
Sequence characterized amplified region (SCAR) markers listed in Table 1 were used for the identification of each CR locus. SC2930, which is located across CRa from HC352b-SCAR and at a distance of 0.6 cM from CRa, was designed on the basis of synteny between B. rapa and Arabidopsis thaliana. HC688 and B50 were constructed from RFLP and RAPD markers of quantitative trait loci (QTLs) for CRk and CRc, respectively. Combinations of SC2930-T-FW and SC2930-RV, HC688-4-FW and HC688-6-RV, and B50-C9-FW and B50-RV were used for the detection of CRa, CRk, and CRc, respectively. Another set of primers was used to identify the alleles. A PCR procedure was performed in a 10 μL reaction solution mixed with 30 ng of template DNA, 0.5 mM forward and reverse primers, 0.2 mM dNTPs, 1 μL of reaction buffer, and 0.5 units of Taq DNA polymerase (Promega Co. USA). Amplification was performed as follows: 94°C for 3 min, 30 cycles of 94°C for 1 min, 55°C for 1.5 min, and 72°C for 2 min, followed by a final extension of 7 min at 72°C. Electrophoresis of amplified products was completed and band patterns were observed as previously described (Matsumoto et al., 2005) .
CR tests
Raised CR lines were inoculated with 6 field isolates of P. brassicae with diverse pathogenicity (Table 2) . Spore suspensions of P. brassicae were prepared by grinding infected galls in distilled water (1 : 10, wt/vol) with a mortar and pestle, followed by filtration through 8 layers of gauze. The filtrate containing resting spores was suspended in distilled water and carefully mixed into pasteurized soil to adjust to 3.0 × 10 5 spores/g of soil. Thirty seeds of each material, including a susceptible control line Q5, 'Ryutoku', and 'Super CR Hiroki', were sown in the infested soil. An inoculation test on zygosity for CR loci was separately conducted using 2 isolates, M85 and K04. The test for clubroot resistance was replicated twice. The infected plants were grown in a glasshouse and evaluated for clubroot symptoms 30 days after sowing. Disease symptoms were scored as follows: 0, no symptoms; 1, a few small clubs on lateral roots; 2, larger clubs on lateral roots and/or slight swelling of main roots; 3, severe galling of tissues of both lateral and main roots. Table 1 . Sequences of primers used for detection of 3 CR loci, CRa, CRk, and CRc. z FW and RV, the end of each primer name, represent the forward and reverse primer, respectively. y In addition to the above primers for CRk, OPC11-2F and -2R (Hirai et al., 2004) were used.
CR locus
Primer
Field investigation
Characteristics of CR pyramiding lines were evaluated in the field in 2009. Seeds of selfed and hybrid F 1 lines, together with a control cultivar 'Kigokoro 65', were sown in mid-August in cell trays with nursery soil. In early September, 40 seedlings of each line and the cultivar were planted in the field. Head characteristics were investigated in mid-November.
Results
Resistance genes were accumulated via successive crossing between CR lines (Fig. 1) . First, the lines T136-8 and K13 were crossed with K10. Seven homozygotes for both CRa and CRk were selected in F 2 populations, and crossed with C9 or RC22. Over 500 derivative plants from crossbred heterozygotes (AaBbCc) were grown in the fields. One hundred twelve plants accompanied by economic characters were selected and analyzed for CR genotype. Since no homozygotes for 3 CR genes were detected, 8 A-B-C-individuals were selfed to obtain the homozygous genotype (Fig. 2) . As a result, 4 homozygotes for 3 resistance genes (AABBCC) were selected and successively selfed, followed by a characteristic evaluation in the fields. The homozygous lines CKT53-5-2-1 and CKT2-46-29-1 were developed from the cross between T136-8, K10, and C9, while RKK32-5-1-2 and RKK62-3-1-1 were developed from the cross between K13, K10, and RC22. Homozygous lines for 2 CR genes, KT8-1 (AABB), CT5-1 (AACC), and CK8-2 (BBCC), were also selected in the breeding process.
Disease scores of each genotypic line are shown in Figure 3 . Locus CRa exhibited high resistance against M85. CRk was widely resistant to most of the isolates except NN34. CRc was highly resistant to K04, NN34, and T223, but susceptible to M85, NH117, and T217. Homozygous lines for 2 CR genes demonstrated higher resistance in most cases; additive effects were observed between the resistance genes. CR pyramiding homozygous lines for 3 resistance genes, whether selfed or crossed, were highly resistant to all the isolates. In these lines, no disease symptoms were observed for the 8 other Table 3 . Homozygotes exhibited higher resistance against 2 isolates, M85 and K04, than heterozygotes. CRa showed complete dominance for M85, while CRk and CRc showed partial dominance or recessiveness for both the isolates.
Head characteristics of CR lines are shown in Table 4 . Inbreeding depression was observed in selfed lines. F 1 hybrids between inbred lines showed vigorous growth, though their head weight was less than 'Kigokoro 65'. The head shape of F 1 lines, CKT53-5-2-1 × CKT2-46-29-1 and RKK32-5-1-2 × CKT53-5-2-1 were similar to 'Kigokoro 65', whereas that of CKT2-46-29-1 × RKK32-5-1-2 was more slender. With regard to the head cover, F 1 lines were medium or medium shallow. The stem length of developed lines was almost the same as that of 'Kigokoro 65' except for RKK62-3-1-1, which had a longer stem length of over 10 cm, an indicator of early bolting.
Discussion
CR cultivars of Chinese cabbage have been developed by incorporating resistance genes from European turnips, such as Gelria R, Debra, Milan White, and ECD differential host lines etc.. These turnips possibly have plural CR genes and show high resistance to various pathotypes, whereas resistance of derivative Chinese cabbage accessions is restricted, probably because of a partial loss of CR genes in the breeding process (Kuginuki et al., 1999) . CR cultivars, however, exhibit varied responses to the pathogens (Hatakeyama et al., 2004) . They are assumed to be diverse in genetic background, but insufficient for the accumulation of resistance genes to overcome the pathogen. Moreover, the heterogeneity of F 1 cultivars causes fluctuating responses to the pathogen. It is necessary to combine as many CR genes as possible against a broad spectrum of pathogenicity.
The CR locus CRa, which is derived from the turnip ECD02, is found to be contained also in the fodder turnips 'Gerlia R' and 'Debra' (data not shown). Most CR Chinese cabbage cultivars of an earlier generation developed using these turnips are presumed to have CRa. CRa is effective against the specific isolate like M85, as shown here. CR cultivars containing only CRa, however, have failed to adapt to the change in pathogenicity, consequently contracting clubroot disease. The locus CRk of K10 is derived from the Chinese cabbage cultivar 'CR Kanko', which was raised using the turnip 'Debra'. CRk and CRa are located on the same linkage group R3 . The distance between CRa and CRk on R3 is over 30 cM; hence, the homozygous recombinants for these genes could be easily obtained. Line C9 with CRc, which is situated on R2, was also developed using 'Debra' as a resistant material. The CR loci CRk and CRc originated from the same resistance source and may be separately passed on under different selection pressures.
Three CR loci had pathotype-corresponding resistance. CRk and CRc appeared to be widely applicable, whereas CRa worked narrowly. CRk had a particularly broad spectrum of resistance, behaving as a major gene or as QTL according to the isolates. Such a non-specific effect may correlate with pleiotropy or structural specificity, e.g., a gene cluster, of the resistance locus (Lefebvre and Palloix, 1996) . A gene cluster showing resistance to many different pathogens was found in potato (Rouppe et al., 1998) . Multifaceted effects of QTLs for CR were also reported in B. oleracea (Rocherieux et al., 2004) and B. napus (Manzanares-Dauleux et al., 2000) . In these reports, QTL analysis using single spore isolates revealed the existence of several resistance loci corresponding to a genetically uniform population of pathogens, suggesting that clubroot resistance may not be explained by a simple gene for gene interaction.
CRk is located on the same chromosome region with Crr3 in R3 , although the difference in the resistance spectrum between both loci (Saito et al., 2006) . It is probable that resistance genes at the loci CRk and Crr3 are clustering each other. Fine mapping should be practiced for clarification of the detailed structure of the CRk region. Additive interaction between the CR genes was observed. Respective genes, as a whole, worked complementarily and their coexistence resulted in elevated resistance. This contrasts with the results of Suwabe et al. (2003) who found a synergetic effect between 2 CR loci, Crr1 and Crr2; high resistance occurred only when resistance alleles at both loci homozygously coexisted.
Field isolates of P. brassicae are assumed to consist of different pathogenic populations. Heterogeneity of the P. brassicae population was confirmed using singlespore derived isolates (Jones and Ingram, 1982; Manzanares et al., 1996) . Various classification methods of clubroot isolates have been established using different indicator plants (Buczacki et al., 1975; Crute et al., 1980; Williams, 1966) . Kuginuki et al. (1999) and Hatakeyama et al. (2004) proposed the classification system for P. brassicae using F 1 cultivars of Chinese cabbage as differential hosts. Six isolates used here had different virulence to each CR gene. The isolates K04, NN34, and T223 could be categorized into group 1, which shows the highest pathogenicity, according to the classification method by Hatakeyama et al. (2004) ; NH117 and T217 fall between groups 1 and 2, while M85 falls between groups 3 and 4. From the responses of 3 loci, it turned out that group 1 of Hatakeyama et al. (2004) could be subdivided into 2 groups, and that intermediately grouped isolates could be classified more discretely, possibly because of the specific nature of resistance and homozygosity of each CR loci. These results suggest that the CR loci CRa, CRk, and CRc may be employed for fine classification of the clubroot pathogen.
Zygosity of CR alleles differently affected resistance responses. As a whole, heterozygosity of the CR alleles led to an unstable response. CR homozygous lines equipped with triple resistance could almost completely protect against all of the collected isolates. Homozygotes for 2 CR genes also had higher resistance to some kinds of pathotypes. Considering these results, it is desirable to construct homozygous parental lines for respective CR genes and to combine them in correspondence to the pathogenic background of objective isolates. Improvement of economic traits, in addition to disease resistance, is required to breed a commercial variety. Physiological and morphological characteristics of F 1 hybrids developed between selfed lines were comparable to those of the control cultivar, but the degree of heterosis was less than expected. This is probably because of the genetic similarity of the parents. To ensure a more vigorous head growth, it is necessary to extend the heterogeneity between the parental lines.
In this study, it is proven that accumulation of CR genes through MAS results in strengthened resistance in B. rapa. Lines developed with triple resistance would be promising materials for CR breeding of Chinese cabbage. Further attempts to compile additional CR genes should be conducted to reinforce resistance against the extensive and variable clubroot pathogen.
